Introduction 50
Microbial communities associated with amphibian skin are increasingly 51 recognised for their ecological complexity and importance in pathogen 52 defence. In particular, studies have demonstrated that skin-associated 53 bacteria are linked to disease outcome in amphibians infected by the chytrid 54 fungus Batrachochytrium dendrobatidis (Bd) (Lauer et outcompeting harmful microbial invaders (Kamada et al. 2012 ). In addition to 60 the host benefits conferred by the microbiome, some microbes can promote 61 pathogen growth (Stacy et al. 2016) , while perturbations of host-associated 62 microbial communities can negatively impact host health in a process called 63 dysbiosis (Croswell et al. 2009 ). In recent years, the recognition of the 64 microbiomes' role in disease has led to a search for pathogen-inhibiting 65 probiotics and microbial manipulations that could mitigate host infection and 66 subsequently be utilised as a tool in wildlife conservation (Bletz et al. 2013 ; 67
Kueneman et al. 2016). 68 69
In 2013 a novel pathogenic chytrid fungus, Batrachochytrium 70 salamandrivorans (Bsal), was discovered that has caused mass mortalities of 71 caudates in Europe (Martel et al. 2013 ) and threatens amphibians worldwide 72 (Yap et al. 2015) . While Bd and Bsal are closely related phylogenetically and 73 occupy similar niches as the only known species within the Chytridiomycota 74 capable of infecting vertebrates (Berger et al. 1998; Martel et al. 2013) , they 75 show marked differences in their biology. Bd infects over 500 amphibian 76 species (Fisher, Garner & Walker 2009 ) that span all amphibian orders, 77
whereas Bsal has a narrower host range limited mostly to caudates (Martel et 78 al. 2014) . Bd and Bsal also differ in their pathogenesis with Bd causing 79 hyperkeratosis and hyperplasia of the amphibian epidermis, compared to 80 lesions and focal necrosis in Bsal (Martel et al. 2013 ). Prior studies have 81
shown variability in Bsal susceptibility between caudate species (Martel et al. 82 2014), however little is known of the determinants of disease outcome. Given 83 its importance in Bd infection, the amphibian skin microbiome is a candidate 84 driver of within-and between-species variability in response to Bsal exposure. 85
While a great deal is known regarding the impact of Bd on the host 86 microbiome, no in-vivo studies have investigated the microbiome response to 87
Bsal. Importantly, it is not possible to predict the impact of Bsal on amphibian 88 microbiota based on prior Bd studies, or to presume a microbiome response 89 similar to that of Bd. This is due to a range of factors including intrinsic 90 biological differences between Bd and Bsal (Farrer et al. 2017) collected from a reserve in Cambridgeshire, UK. Individual newts were 158 generally found under rocks at night and represented less than 0.1% of the 159 total estimated site population. Using a single sterile MW100 rayon tipped dry 160 swab (MWE Medical Wire, Corsham, UK), the skin microbiome was sampled 161 by swabbing the ventral and dorsal surfaces 10 times, and the fore-and 162 hindlimbs five times. Swabs were stored at -80°C until processed. Animals 163 were transferred to individual 1.6L plastic boxes containing moss collected 164 from the field site and transported to the Central Biomedical Services (CBS) 165
Unit at Imperial College London. In captivity animals were housed individually 166 under semi-natural conditions in plastic boxes containing a damp paper towel 167 substrate and a cover object. Enclosures were cleaned with Rely+On Virkon 168 (Antect International Ltd., Suffolk, UK) and animals were fed mealworms 169 (Tenebrio molitor) or crickets (Acheta domesticus) ad libitum twice weekly. 170
The animal room was kept on a 12 hour light/dark cycle and was maintained 171 at 16°C. At two weeks post capture animals were swabbed again to measure 172 the effects of captivity on the skin bacterial and fungal community. 173
174

Bsal exposure experiment 175
In order to compare species response to Bsal, experiments were designed to 176 be as similar as possible to those described in a previous study (Martel et DNA extracted from swabs was used to amplify the V4 region of the 16S 212 rRNA gene using custom barcoded primers and PCR conditions adapted from 213 a prior study (Kozich et al. 2013) . PCR conditions consisted of a denaturing 214 step of 95°C for 15 min, followed by 28 cycles of 95°C for 20s, 50°C for 60s, 215
72°C for 60s and a final extension step of 72°C for 10 min. Each PCR 216 including a negative water control was performed in triplicate. Amplicons were 217 visualized on a 2% agarose gel and pooled yielding a final per sample volume 218 of 24µl. Pooled amplicon DNA was purified using an Ampure XP PCR 219 purification kit (Beckman Coulter, California, USA). Following purification, 1ul 220 of each combined sample was pooled into a preliminary library and the 221 concentration was determined using Qubit fluorometric quantification (Life 222
Technologies, California, USA). Amplicon quality and incidence of primer 223 dimer was assessed using an Agilent 2200 TapeStation system (Agilent 224 
Fungal mycobiome analysis 275
Analysis of fungal communities was performed for the wild versus captive 276 experiment only. Following sequencing, forward and reverse reads were 277 assigned to samples according to dual index combinations and were paired 278 using Paired-End reAd mergeR (PEAR) (Zhang et al. 2014 ). Paired-end reads 279
were trimmed by per-base quality score using MOTHUR (Schloss et al. 2009 ) 280 and reads shorter than 50bp or containing ambiguous base calls were 281 removed. UCHIME (Edgar et al. 2011 ) was used to identify and remove 282 chimeric sequences, and remaining sequences were clustered into 283
Operational Taxonomic Units (OTUs) based on 97% similarity using Cd-hit ( 
Statistical analysis 294
To determine the effect of captivity and Bsal exposure on the microbiome, we 295 calculated both alpha and beta diversity metrics using the phyloseq package 296 sampling. For the exposure experiment, separate mixed linear models were 301 used for each newt species to investigate the effect of day of sampling, 302 experimental group, mass, Bsal infection intensity and survival on Shannon 303 diversity. P-values were calculated using the Kenward-Roger approximation 304 of degrees of freedom in the afex package (Singmann et al. 2017) . A Bray-305
Curtis distance matrix was used to calculate beta diversity for both the 306 captivity study and Bsal challenge experiment. Beta diversity for both the 307 captivity study and Bsal challenge experiment was visualised using Detrended 308
Correspondence Analysis (DCA) plots. For the captivity study, the effects of 309 captivity, host species and their interaction on skin microbial community 310 structure was assessed using permutational multivariate analysis of variance 311 Bsal exposure experiment was investigated using a cox proportional-hazard 321 regression model in the survival package (Therneau 2015 ) with mass at the 322 beginning of the experiment, species, and GE at time of death or at the end of 323 the experiment included as covariates. 324
Results
325
Our analysis found rapid reductions in bacterial and fungal Shannon diversity 326 associated with the transition from the wild to captivity for both host species 327 (p<0.0001, Fig. 1a, b Fig. 1c-d) . Interestingly, changes in alpha and beta diversity associated with 334 captivity were mirrored for bacteria and fungi demonstrating a common 335 response across microbial kingdoms. Captivity was associated with 336 compositional changes in the core microbiome of both species with reductions 337 in taxa such as Cladosporium and Pseudomonas (Fig. 1.e,f) . Indicator 338 analysis of wild versus captive specimens identified 178 and 167 differentially 339 abundant bacterial OTUs in T. cristatus and L. vulgaris respectively (Fig. 2a,b ; 340 SI Table 1 ,2). Significant differences in fungal OTU abundance associated 341 with captivity were also evident with 45 indicator OTUs for T. cristatus and 18 342 indicator OTUs for L. vulgaris (SI Table 3 Table 1 (Fig. 4a) . Indicator analysis of microbiome samples based on control, Bsal 379 negative and Bsal positive animals from day 28 identified ten and six 380 differentially abundant bacterial operational taxonomic units (OTUs) in L. 381 vulgaris and T. cristatus respectively (Fig. 4c,d , SI Table 7 ). Both L. vulgaris 382
and T. cristatus exhibited different indicator taxa profiles with the exception of 383
Stenotrophomonas (Fig. 4e,f) , which was strongly associated with Bsal 384 infection in both species. Chlamydiales (Fig. 2a,b) which have previously been associated with 405 amphibian epizootics (Reed et al. 2000) . Conversely, the reduced microbial 406 diversity associated with captivity in both host species may also be a 407 consequence of greater microbe-mediated control with diminished ecological 408 resistance of the host skin microbiome rendering it more susceptible to 409 potentially harmful invaders that may subsequently dominate the microbial 410
community (Piovia-Scott et al. 2017). This hypothesis is supported by a 411
reduction of putatively beneficial bacterial groups in captivity such as the 412 Actinomycetales (Fig. 2a,b) While mortality was higher in T. cristatus, this was not statistically significant 443 when compared to L. vulgaris. The intensity of infection was found to be 444 higher in T. cristatus, which had a maximum GE of 338 compared to a 445 maximum GE of 195 for L. vulgaris. These data, while preliminary, suggest 446 that T. cristatus may be more susceptible to Bsal infection than L. vulgaris. 447
Further, the greater zoospore burdens that T. cristatus harbour, coupled with 448 their larger size and rates of zoospore shedding, suggest that they will be 449 more important drivers of outbreak dynamics than L. vulgaris. Interestingly, 450 our findings counter those of a previous study that found 100% mortality in T. 451 cristatus and a species effect on survival (Martel et al. 2014) . The increased 452 survival of T. cristatus here compared to the prior study (Martel et al. 2014 ) 453 may be explained by a range of factors. In particular, the studies used 454 animals collected from different countries (the UK versus the Netherlands) 455 and there will likely be differences in host genetics and immunity. In addition, 456 the initial microbiome of the animals will almost certainly differ which may 457 have an impact on the subsequent host microbial response to infection. 458
These findings highlight the importance of investigating a geographically 459 diverse range of hosts from the same species when conducting species level 460 risks assessments of emerging pathogens. While this additional confirmation 461
of Bsal induced death in T. cristatus warrants serious concern, the higher 462 survivorship shown here may suggest a more optimistic outlook in the event 463 of a wild Bsal outbreak for this species than previously predicted. Triturus cristatus
